INTRODUCTION
The dynamics of biological communities in the ocean are driven by physical, optical, and chemical processes, with changes in biological communities correlated with temporal and spatial variability in these bulk processes. For example, the spring bloom phenomenon in the North Atlantic is correlated with increased solar insolation and shallowing of the mixed layer (Ducklow and Harris, 1993) . Bioluminescence is a ubiquitous feature of the world's oceans, and originates from organisms representing all trophic levels. Because background levels of in situ bioluminescence are low (Baguet et al. 1983; Widder et al. 1989) , profiling, moored, and ship-mounted bathyphotometers (e.g. Losee et al. 1985; Swift et al. 1985; Ondercin 1989; Widder et al. 1993) are used to measure stimulated levels of in situ bioluminescence.
Although on large scales bioluminescence may be correlated with hydrographic features (e.g. Swift et al. 1985; Losee et al. 1989 ), on smaller scales there are few correlations of bioluminescence with other bulk properties (e.g. Ondercin 1989 ), although on occasion bioluminescence has been correlated with beam attenuation (Lapota et al. 1989) , the chlorophyll to temperature ratio (Losee et al. 1989) , and zooplankton biomass (Buskey 1992) .
Modeling the spatial and temporal variability of oceanic bioluminescence is extremely challenging, due in part to the diverse assemblage of luminescent organisms, which span many phylogenetic groups as well as trophic levels (Herring 1987) . In the upper ocean alone, the common luminescent sources include such diverse groups as autotrophic and heterotrophic dinoflagellates, crustaceans such as copepods and euphausiids, and larvaceans (Swift et al. 1985; Batchelder and Swift, 1989; Lapota et al. 1989; Buskey, 1992) . Changes in the relative taxonomic composition and absolute abundance of biological communities is reflected in the resulting bioluminescence level. This variability can occur on diurnal and seasonal time scales (Swift et al. 1985; Lapota et al. 1992; Swift et al. this vol.) .
Bioluminescence emitted per organism is also affected by physiological state (e.g. Sweeney 1980; Buskey et al. 1992 ), regulated by environmental factors which vary on different time scales.
In the absence of theoretical models (Kiefer and Ondercin this vol.), several approaches can be used to describe the amount of bioluminescence present in a given volume of seawater. A bathyphotometer can measure levels of stimulated in situ bioluminescence. These direct measurements can be compared to calculated bioluminescence budgets, which estimate the potential contribution of organisms to total bioluminescence based on species abundance estimates from net tows and quantum emission values of those organisms obtained from laboratory measurements. Swift et al. this vol.) .
During May and Aug 1991, the period of the present study, dinoflagellates dominated the luminescent plankton in the mixed layer, with heterotrophic Protoperidinium species and the autotrophic Ceratium fusus the most important luminescent species (Swift et al. this vol.) .
The present study characterizes the bioluminescence at the Marine Light-Mixed Layer field station in the North Atlantic during May and August 1991. Two newly developed bathyphotometers (Case et al. 1993; Widder et al. 1993) were used to examine variability in the temporal and vertical structure of bioluminescence, which was quantified using uni-and multivariate statistical methods.
MATERIAL AND METHODS
In situ Measurements. A newly developed moored bioluminescence bathyphotometer (MOORDEX) (Neilson et al. 1992; Case et al. 1993 ) was deployed during 1991 at a depth of 50 m on the ML-ML mooring situated in the North Atlantic circa 59°N 21°W.
The MOORDEX was designed to pump water at 10 l s -1 through a cylindrical detection chamber 127 mm in diameter by 406 mm long.
The pump propeller, at the head of the 5 l detection chamber, was designed to provide the necessary turbulence to stimulate any bioluminescent organisms in the flow stream. The intensity of bioluminescence within the detection chamber is measured every 10 ms by a single photomultiplier tube (PMT) trained on a bundle of optical fibers; the distal ends of these fibers are evenly embedded in a double helical pattern around the detection chamber.
Counts of flash events are made with a radial arrangement of optical fibers connected to an acrylic, ring-shaped lens with a narrow 22° acceptance angle through which the sample stream flows.
The acrylic lens is positioned at the entrance of the detection chamber. The fibers from the ring are connected to a second PMT which records intensity at a rate of 400 Hz. The frequency of events are determined by counting the intensity peaks. Because of a lack of data comparing known concentrations of bioluminescent organisms with the calculated number of events, the MOORDEX event count cannot be considered a true count of bioluminescent events. In conjunction with the mooring, a profiling bioluminescence bathyphotometer (HIDEX) (Case et al. 1993; Widder et al. 1993) was also used at the ML-ML site during cruises EN-224 and EN-227 of the R/V Endeavor. During the first cruise, on station in the vicinity of the MLML mooring between 4 -12 May, there were 4 HIDEX stations and 18 separate profiles extending from the surface to a maximum depth of 200m (Table I) Bioluminescence measurements by both the MOORDEX and HIDEX was radiometrically calibrated with an NIST -referenced standard according to Widder et al. (1993) .
In situ Flash Kinetics. Population flash kinetics were examined by using the HIDEX to perform a population kinetics test (PKT). In this test, the HIDEX is suspended at a constant depth and data are collected for 60 s at a flow rate of 18 l s -1 . Because of the conformation of the HIDEX detection chamber, at this flow rate the kinetics of a population of bioluminescent flashes are determined with 50 ms temporal resolution. Kinetics are measured by calculating an e-fold factor, the time required for bioluminescence to decay from its maximum intensity to a value e -1 of maximum. At a flow rate of 18 l s -1 , the e-fold measurements Dinoflagellates were transferred to darkness at sunset and tested 2-6 hr later when levels of stimulated bioluminescence are maximal (Biggley et al. 1969) . Zooplankton were acclimated for > 12 hr to allow recovery of luminescent reserves (Latz et al. 1990, Bowlby and Case, 1991) . Measurements of the quantum emission and kinetics of bioluminescent flashes were made in an integrating sphere collector coupled to a photon-counting photomultiplier detector (Latz et al. 1990 ). Flashes were analyzed for the following emission variables: maximum intensity, rise time, e-fold time August). Bioluminescence and event time series were displayed for the three flow ranges (2-3, 3-4, and 4-5 l s -1 ) that consistently occurred during each midnight period. In an attempt to explain observed peaks in the time series, periods defined by the US Navy in which sea height exceeded 8 ft, gale warnings were in effect, or high seas warnings were in effect at the ML-ML site, were compared with the time series. Dates of full and new moons were calculated for the 100 day period using software described in Duffett-Smith (1990) . The degree of surface coupling of the mooring was determined from the standard deviations of the average MOORDEX depth for each 60 s period. In order to monitor changes in the populations of bioluminescent organisms over time, the frequency distribution of the magnitudes of the bioluminescent events (quanta s -1 l -1 ) was calculated for each of the peak periods of bioluminescence during the time series.
HIDEX Data Analysis. For each profile, measured bioluminescence was integrated from 12 to 80 m, the broadest depth range sampled by all profiles. Assuming the resulting number represented 100% of the total integrated bioluminescence in the water column, the depths were determined at which 50% and 90% of this total occurred. Patterns between the total integrated bioluminescence, the 50% depth, and the 90% depth, were investigated graphically using the multivariate statistical procedures of principal component analysis (PCA) and ordination techniques (Harman, 1976; Press et al., 1988) . PCAs were run comparing these variables between stations within the individual cruises and also comparing the May cruise against the August cruise. Unless otherwise specified, identified similarities in range between two sets of variables were tested for significance using Student's t-test for both paired and unpaired samples , and the significance of correlations between variables was determined with a modified t-test as described in Schefler (1980) 
RESULTS
During its 100 days of deployment, the MOORDEX measured bioluminescent intensities that varied from 1.1 x 10 12 to 3.1 x 10 13 quanta s -1 m -3 . Because of a nonfunctional pump, flow through the sensor was due to passive surge. Bioluminescence intensity varied with flow rate, with maximal levels associated with the highest flow rates (Fig. 1) . Bioluminescence intensity cycled in an approximate 20 day pattern (Fig. 1) . Four periods of maximum bioluminescence recorded by the MOORDEX were accompanied by analogous maxima in the number of flash events 1 . Periods of maximum bioluminescence were associated with prolonged periods of sea heights greater than 8 ft, active gale or high sea warnings for the ML-ML mooring area, and vertical depth oscillations of the MOORDEX in excess of 2.5 m min -1 (Fig. 1) . Two of the three new moons occurring during the mooring deployment coincided with maximum bioluminescence while all three full moons occurred during off-peak periods. The distribution of individual flash intensities from Julian days 138, 162, 184, and 201, representing the four peaks, showed a significant shift toward brighter average flashes between May and August 2 (Fig. 2) .
Representative profiles of the vertical distribution of stimulated bioluminescence at the beginning of each cruise are shown in Fig. 3 . Most bioluminescence was restricted to the mixed layer, with very low levels found below the thermocline. At the beginning of the May cruise there were 3 subsurface peaks in stimulated bioluminescence within the mixed layer (Fig. 3A) .
Water column-integrated bioluminescence during the May cruise averaged 1.1 x 10 15 quanta s -1 m -2 , while during the August cruise it had a mean value of 7.2 x 10 15 quanta s -1 m -2 , a factor of 7 higher 3 (Table II) integrated bioluminescence 7 . In August, as in May, the 50% and 90% integrated bioluminescence depths were not correlated with the level of integrated bioluminescence 8 . In addition, the August 50% depth, unlike May, was decoupled from the 90% depth 9 .
No difference was detected in the amount of fluorescence between the May cruise, which averaged 85.2 units m -2 , and the August cruise which averaged 66.7 units m -2 10 (Table II) The most important variables contributing to total variability during the May cruise were bioluminescence, fluorescence, and the bioluminescence 50% depth (Table III) . In August, fluorescence, and, temperature accounted for 28% of the total variance (Table III) . Integrated bioluminescence and to some extent the 50% bioluminescence depth accounted for the next 19%. As in May, salinity was the least important contributor to total variance. At a time scale of 3 months, integrated bioluminescence and temperature were most important in explaining variability and together accounted for 28% of the total variance.
The 50% and 90% depth of total integrated bioluminescence contributed 25%. Of least importance on the longer time scale is fluorescence and salinity which also contributed 25% to the total variance. An example of the variation possible within a single station is illustrated by the series of six profiles from ML-ML station 27.02 of the May cruise (Fig. 4) PKT test results revealed that the HIDEX-measured e-fold distribution underwent a significant shift from a population of predominately brief sources <100 ms in duration to a more widely distributed mixture of somewhat longer flashes with durations of 100 ms to 300 ms 22 (Fig. 5) . Flash e-folds also varied with depth.
In August, the distribution of flash e-folds exhibited a significant shift with depths of 25 m and 50 m 23 . There was an increase in the number of flashes with longer e-folds, especially in the 150-250 and 450-500 ms classes (Fig. 5) . This is reflected in an increase in the mean e-fold value of 200 ms at 25 m depth to 230 ms at 50 m. Laboratory measurements of the e-fold times of mechanically stimulated flashes from single specimens indicated that most planktonic organisms had relatively fast e-folds with 22 (X 2 , non a priori = 365, df = 9, p << 0.001) times in the 20-60 ms range (Table IV) (Nealson et al. 1984; Aoki et al. 1986 ). However, some indication of biological "reality" can be found in the occurrence of three of the four peaks during times of new moons and the association of minimal levels of bioluminescence with full moons. Ambient illumination is known to affect the vertical distribution of organisms (Clarke and Backus, 1956; Kampa, 1975) , and the patterns seen with the MOORDEX may be influenced by photoinhibition in the same way as described by Esaias et al. (1973) and Buskey et al. (1992) BP-measured levels of water column integrated bioluminescence at the ML-ML station, on the order of 10 15 quanta s -1 m -2 , were similar to those reported for the Beaufort, Caribbean, Greenland, and Sargasso Seas, which ranged from 2 -9 x 10 15 quanta s -1 m -2 (Lapota et al. 1992; Swift et al. 1985; Buskey, 1992) , but less than values of 1 -6 x 10 16 quanta s -1 m -2 for high bioluminescence regions such as the Arabian Sea and Vestfjord in the Norwegian Sea (Lapota et al. 1989; Lapota and Rosenberger, 1990) The vertical distribution of bioluminescence in the water column was independent of the number of luminescent organisms and was coupled to some other factor, because there was no indication of any substantial change in the composition of bioluminescent organisms within the time period of the August cruise (Swift et al. this vol.) were also bioluminescent, were attracting luminescent grazers, or that both processes were occurring. HIDEX population kinetics support net collections (Swift et al. this vol.) indicating that the majority of luminescent organisms were either autotrophic dinoflagellates, heterotrophic dinoflagellates, or small zooplankton.
HIDEX data suggest a well mixed plankton community within the mixed layer. These bathyphotometer data are confirmed by net collections showing the co-occurrence of autotrophic and heterotrophic luminescent organisms (Swift et al. this vol.) . The lack of correlation between the 50% and 90% depths of integrated bioluminescence and fluorescence indicates that the vertical distribution of organisms was independent of their numerical abundance.
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